Abstract. A low-power three-degree-of-freedom scanning micromirror is presented. The 2-× 2-mm mirror is a gimbaless structure, directly supported by single-crystal microsprings. It is actuated by Lorentz force and is able to tilt about two axes and has linear motion in a third-axis. The transient and frequency responses of the micromirror are analyzed. The Lagrange's equations of motions describing the dynamic behavior of the system are presented and show a good agreement with the experimental results. The fabricated microelectromechanical system mirror demonstrates a tilt angle of 22.8 deg at 247.5 Hz about y -axis, and 13.3 deg at 292.7 Hz about x -axis, in a 0.1 T magnetic field and 20-mA current on the mirror. Power consumption is 2.6 mW of power in tilting motions in resonant operation. With a total DC-drive current of 110 mA, 232-μm linear motion is achieved.
Introduction
Directing light beams is the working principle of many optical systems, including spectrometers, 1 imaging systems, 2, 3 microprojectors, 4 optical telecom, 5, 6 and optical sensors. Scanning micromirrors moved by microelectromechanical system (MEMS) actuators have been used for this purpose in many works. Depending on the application, a MEMS mirror is characterized by its degree of freedom (DOF) in motion, amplitude of movement, response time, scanning resolution, power consumption, and size. Multi-DOF micromirrors are usually categorized in three types. The first type has two-tilting motions (2-DOFs), 4, 5, 8, 9 the second type has two tilting motions and one linear motion (3-DOFs), [10] [11] [12] and the third type has two tilting motions and radius-of-curvature changing feature (3-DOFs). 6, [13] [14] [15] The second and third types that have 3-DOFs are usually enhanced versions of the first type. These types of micromirrors have mostly been used in medical imaging tools 16 such as endoscopic catheters for optical coherent tomography (OCT), 3, 8, 15 and Michelson interferometer of Fourier transform spectroscopy. 17, 18 In some of these applications, a large amplitude of motion is required. For example, in endoscopic catheters the micromirror is intended to scan its surrounding area; therefore, a larger angle can be scanned, which provides more data. In case of Michelson interferometer, it makes the splitting ratio more stable over a wider range of wavelengths. 17 Varifocal micromirrors can focus the light beam on a larger range of focal length, which makes a high resolution possible at different depths.
14 Therefore, efforts toward improving the design of multi-DOF micromirrors to achieve a large amplitude of motion has attracted a lot of attention.
These large-tilt-angle multiaxis mirrors have been reported in many configurations of actuation forces and mechanical structures. They are designed either by cascaded-frames design that enables two perpendicular motions (gimbaled) 4, 9 or by using flexures connecting the mirror to a frame (gimbal-less). 10, 12 In terms of actuation mechanism, all the four main actuation forces in MEMS including electrostatic, 4 electromagnetic, 9, 11, 19 thermal, 10, 12 and piezoelectric 20 have been employed for moving the micromirrors. Electrostatic actuators have been widely used for micromirrors due to their low-power consumption and compact package. However, for a larger displacement they need a high input voltage. For example, Li et al. 21 used a leverbased structure working in resonance to amplify the amplitude of motion. A translational displacement of >400 μm was achieved with an applied voltage of 80 V.
Electrothermal and electromagnetic actuators have proved to be very efficient in making large tilt angle and high DOF. Many attempts were done to solve the problem of high temperature on the flexures in the conventional electrothermal devices. For example, Toress et al. 22 examined the vanadium dioxide as the flexures material. VO 2 undergoes a phase transition in a certain temperature that causes a change in its physical characteristics. Using VO 2 , the temperature was reduced from 300°C to 90°C. This temperature range can be fine for devices that are not sensitive to heat or the ones with heat dissipate system. However, temperaturesensitive systems still need micromirrors that generate less heat than the suggested design.
Electromagnetic actuators have also been developed to achieve large and multidimensional motion. However, in most of these cases the micromirror has only two DOFs because of the physical limit caused by the orientation of the magnetic field and direction of the current. To our best knowledge, in electromagnetically actuated micromirrors, the largest reported optical tilt angle is 118 deg, which belongs to Makishi et al. 23 This angle was achieved by applying a current of 250 mA. This 2-DOFs mirror consisted of four coils located at four sides of the mirror, for generating a magnetic field. This design provided a configurable and strong magnetic field, but enlarged the final footprint of the device and increased the power consumption. In another study, the micromirror developed by Yalcinkaya et al. 24 provided large tilt angles of 65 deg and 53 deg, which were achieved by applying a current of 150 mA in the dynamic mode. The micromirrors developed by Sung et al. 25 and Jeong et al. 26 were able to tilt up to 20 deg at 10 mW and 30 deg at 60 mW, respectively. However, they can generate a two-dimensional (2-D) pattern of light in the dynamic mode and do not offer static control over the tilt angle. The micromirrors developed by Cho and Yoon 11 and Ataman et al. 27 offered a 2-D static control over the tilt angle of the mirror and could tilt up to 4.2 deg ∕9.2 deg and 16 deg, respectively. However, these angles were achieved by consuming a large power of >300 mW and 5 W, respectively.
In this work, we present a 3-DOFs micromirror, which meets a fair trade-off between degree of freedom, tilt angle, power consumption, and static and dynamic modes of operation. The micromirror is actuated by Lorentz force and can tilt about two axes and has one linear motion. Comparing with the other works, the presented micromirror offers a lower power consumption while still providing a large tilt angle and displacement in three dimensions. In a preliminary study, 28 the feasibility of this design was investigated by a three-dimensional (3-D) finite-element method (FEM) simulation model. In this paper, the dynamic modeling, fabrication, and experimental test results are presented. In the following sections, the working principle of the mirror is described and the fabrication process is explained. The experimental setup is explained and the static and transient responses of the micromirror are discussed. The Lagrange's equations are solved and compared with the practical results to explore the dynamic motion of the system.
Design
The design consists of a rectangular mirror; its corners are connected to a frame by four single-crystal silicon serpentine springs. It is worthwhile to mention that the four serpentine springs are mentioned as flexures through this paper. Figure 1(a) shows the schematic of the structure, the places of the springs, and the orientation of the magnetic field.
The structure was fabricated from a 5-μm-thick silicon membrane as substrate, 100-nm-thick silicon dioxide as insulator, and 1.6-μm aluminum top surface for the electrical conductor and mirror. The fabrication process is explained in detail in the next section. Figure 1 (b) shows the electrical conduction wires passing on top of the flexures and mirror sides. The magnetic field was applied by an external permanent magnet. The generated Lorentz force is governed by Eq. (1):
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 6 5 3f
where I is the current, l is the length of wire, and B is the magnetic flux density. The direction of the magnetic field was perpendicular to flexures 1 and 3 and making a 45-deg angle with the mirror sides. This configuration of magnetic field direction and geometrical structure, shown in Fig. 1 , was designed to exert the maximum force on flexures 1 and 3, whereas there will be no force on flexures 2 and 4. Also, in this configuration, a uniform force is applied on all four mirror sides. The mirror can move in three degrees of freedom including tilting about x-axis, tilting about y-axis, and translational motion in the z-axis. There are four wire paths shown in Fig. 1(b) , which pass through the mirror and springs. The direction of the Lorentz force applied on each side of the mirror is changed by the direction of the current passing through each wire path. When the current passing through the sides a and b makes an out-of-plane force and the current passing through the sides c and d makes an in-plane force, a tilt motion about x-axis is generated. In the same way, when the current passing through the sides a and d makes an outof-plane force and the current passing through the sides b and c makes an in-plane force, a tilt motion about y-axis is generated. If the current passing through all the four actuators makes the same direction of force, a translational motion in z-axis is generated.
Fabrication
The micromirror was fabricated using bulk and surface micromachining techniques. The process flow is shown in Fig. 2 . A 4-in., (100) silicon wafer with a thickness of 300 μm was used. A layer of 1.5-μm silicon dioxide was thermally grown on both sides of the wafer (step 2 of Fig. 2 ). Optical lithography was used to pattern the oxide on the backside of the wafer (step 3 of Fig. 2) . The bulk silicon was etched using potassium hydroxide (KOH) solution to thin the wafer to a thickness of 25 μm (step 4 of Fig. 2 ). The old oxide layer was etched and a new layer of 100-nm insulator oxide was thermally grown on both sides of the wafer (step 5 of Fig. 2 ). A thin layer of titanium was deposited as an adhesion layer using direct current (DC) magnetron sputtering. A layer of 1.6-μm aluminum was deposited on the front side of the wafer using thermal evaporation (step 6 of Fig. 2 ). The residual stress of aluminum right after deposition was measured 42 MPa using a Toho FLX-2320 thin-film stress measurement system. It was patterned to form the wires and mirror on the front side of the wafer (step 7 of Fig. 2 ). The patterned frontside was covered by a thick layer of photoresist, and anisotropic reactive ion etching (RIE) plasma etching was done to etch the silicon from the frontside for 5-μm depth, corresponding to the final desired thickness of the structures (step 8 of Fig. 2 ). After this step, the thickness of the silicon mirror and springs under the photoresist protected area was 25 μm, and the thickness of silicon at all the other areas was 20 μm. By knowing the isotropic RIE etch-rate, the etch time for etching 20 μm of silicon was calculated. The wafer was flipped over and the etch time was set to remove a thickness of 20 μm of silicon (step 9 of Fig. 2 ). The device was constantly watched to check the process of etching. After the thinned silicon was etched, the flexures were released from the backside. At the end, a layer of 5-μm silicon under the mirror and spring area was left (step 10 of Fig. 2 ). Figure 3 (a) shows microscopic image of a fabricated MEMS mirror. A closer view of a flexure is shown in Fig. 3 (b).
Static Deformation
The mirror shown in Fig. 3 (a) was inspected under an microscope to determine its flatness. The height difference between the four corners and the center of the mirror was measured. The maximum height difference was measured to be 32 μm. The average height difference on the mirror surface was 9 μm, which is about 0.45% of the mirror length. Figure 4 (a) shows the setup used for testing the device. A PTI Technologies PM01 (635-5B) G3 laser diode was used to shine light on the mirror and an API SD380-23-21-051 photodetector was used to detect the reflected light. The magnetic field generated by an N42 (BY08Y0, K&J Magnetics) permanent magnet was measured using a Gaussmeter (model G2, AlphaLab Inc.) at the location of the micromirror, which was placed over the center of the magnet. The electrical resistivity of the Al wires after contact pads and connector wires was measured 26.4 Ω, following route a of Fig. 1(b) , which includes the mirror and two wire paths on the spring 2 and 3 of Fig. 1 (a). All experiments were performed in a closed box and on a vibration isolation table to minimize environmental optical and mechanical noise. The permanent magnet was fixed on the floor of the box. For these experiments, the amplitude of the magnetic field at the location of mirror was measured to be 0.1 T. A compass was used to observe the orientation of the magnetic field. The side borders of the mirror frame were aligned to be parallel to the magnetic field direction using a ruler. Figure 4 (b) shows a schematic of the light beams when the mirror is tilted with a mechanical angle of θ M . The light incident angle θ i was set to be 45 deg with respect to the normal to the substrate plane. The angle of the reflected light beam is equal to θ i þ 2θ M with respect to the normal to the substrate plane. The amount of deflection of the laser beam is equal to the difference between the new reflection angle (θ i þ 2θ M ) and the previous reflection angle (θ i ), which is 2θ M . This value is known as optical deflection or tilt angle (θ) and used in this paper.
Experimental Procedure and Results

Transient Response
A current step-function rising from 0 to 137 mA was applied to device. To supply and adjust the DC current passing through the actuators, the setup of Fig. 5 was used. The setup included a computer interface, microcontroller system (Arduino UNO), two current driver ICs (SN7544), and ampere meter. The type of motion and the amount of current were set in the terminal environment of the computer and sent to the microcontroller through a serial port. According to the received data, a pulse-width-modulation (PWM) signal was generated by the microcontroller system and sent to the current driver ICs. This IC includes two half-H drivers, which can change the direction of the current and support a high current of up to 1A. Each IC supports two actuators.
The amplitude of the current was controlled by the duty cycle of the PWM pulse. Simulation showed that the heat generated by a current of 20 mA passing through each of the four actuators results in a temperature rise of 7.7 deg on the mirror. This causes a curvature of ∼22 μm, which is equal to ∼0.8% of the mirror diagonal. In all the experiments, the current was limited to keep the mirror bending displacement <1% of the mirror diagonal. An ampere meter was placed in the branch of each actuator to ensure that the right amount of current is passing through the actuators. By knowing the amount of current and resistivity of the wires, the consumed power was calculated. The output of the photodetector was captured on oscilloscope. Figure 6 shows the step response of the device while tilting about the y-axis, for the current step-function rising from 0 to 137 mA. This step response demonstrates a second-order system. Therefore, we can model the system accordingly. The transfer function of the system can be written as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 3 8 5 GðSÞ ¼
where ω n is the natural frequency and ξ is the damping ratio of the system. From the step response data of Fig. 6 , we can see that the time between two peaks is 4 ms. Therefore, the natural frequency is found to be E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 3 0 2 2π ω n ¼ 4 ms → ω n ¼ 1551.8 rad s or 247 Hz:
From the graph of Fig. 6 , peak time was read to be 2 ms. The peak time was used to calculate the damping ratio or ξ of the system: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 7 5 2
Settling time was calculated using Eq. (5):
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 7 0 7
Therefore, for ξ ¼ 0.14 and ω n ¼ 1551.8 rad∕s, the transfer function of the system was written as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 3 2 6 ; 6 4 2
Operation in a Driven Axial Direction
Various angles of tilting of the mirror were measured by applying a DC current of different amplitudes, and observing the motion of a reflected laser spot. Figure 7 plots the tilt angle versus applied current for x-and y-axes tilting motions.
The larger tilt angle of the tilt-about-y-axis motion can be explained by the force applied on the springs number 1 and 3, respectively. According to Fig. 1(a) , the magnetic field orientation is parallel to the y-axis and perpendicular to the x-axis. According to Eq. (1), there is a large force on springs number 1 and 3 of Fig. 1 (a) since they are perpendicular to the magnetic field. There is no force on springs 2 and 4 since they are parallel to the magnetic field. When the mirror is tilting about the y-axis, the force on springs 1 and 3 along with the forces on all the four sides of the mirror contribute in the motion. However, when the mirror is tilting about x-axis, there is no force on springs 2 and 4, so the only force moving the mirror is the force applied on the mirror sides. Therefore, in tilt-about-x axis motion, the force is less than the tilt-about-y-axis motion, which results in a lower amplitude of displacement. Translational motion in the z-axis was measured by observing the mirror under an optical microscope. First, the objective lens was focused on one point of the mirror. Then, a current was applied and the mirror was actuated in the z-direction. While the mirror was in the actuated mode, the objective lens was focused again, on the same spot. The distance between the first and second focal points was measured by measuring the displacement of the microscope stage in the z-axis. This distance was recorded as the z-axis displacement of the mirror. Figure 8 shows the graph of translational motion in z-axis versus applied DC current to each actuator. The horizontal axis shows the amount of current passing through each actuator. The translational motion along the z-axis was measured to be 232 μm with a total applied current of 110 mA (27.5 mA each actuator), which equals to 20 mW of power per actuator. Considering the range of motion with respect to the consumed power, this motion is larger than what has been reported in the literature for 3-D micromirrors (as will be discussed in Sec. 5).
Frequency Response
The resonance frequency of the mirror in y-and x-axes tilting was practically measured by applying a 50 mV p-p sinusoidal wave to appropriate terminals of varying frequency between 1 and 500 Hz. A lock-in amplifier (Stanford Research System SR830) was used to filter the noise of other frequencies. The output of the photodiode was measured using a digital multimeter (34461A Keysight Technologies). A block diagram of the measurement setup is shown in Fig. 9 . The resonance frequency of the y-and x-axes tilting motions was measured in two separate experiments. The blue-line on the graph of Fig. 10 shows the measured frequency response of the y-axis tilting motion. The maximum displacement occurred at 247.5 Hz, which is the resonance frequency of the structure while the mirror is tilting about the y-axis. The red dashed line shows the simulated FEM frequency response of the structure. The measured displacement for tilting about x-axis (292.7-Hz resonance) and y-axis (247.5-Hz resonance) is shown in Table 1 . The z-axis translation resonance was observed to be 165 Hz.
At the resonance frequencies shown in Table 1 , the light pattern on the screen was a horizontal line for the x-axis tilting and a vertical line for the y-axis tilting. Translation in z axis Fig. 8 Translation motion along z-axis versus applied current, with this current applied to each of the four actuators. Fig. 9 Block diagram of the experimental setup for measuring the resonance frequency. Fig. 10 Frequency response of the tilt about y -axis motion, and resonance frequency was at 247.5 Hz. the pattern of reflected light at the main resonance frequencies of the horizontal (tilt about x-axis) and vertical (tilt about y-axis) scanning motions.
Dynamic deformation
Dynamic deformation of a scanning mirror occurs when a mirror is tilting with a high frequency. The high acceleration caused by alternating forces on the mirror surface might result in mechanical bending on the mirror. The maximum dynamic deformation was calculated using Eq. (7) for a rectangular-shaped mirror:
29-31
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 4 4 7 δ ¼
where δ is the dynamic deformation, ρ is the material density, θ 0 is the mechanical tilt angle of the mirror, ω is the tilting frequency, L is the half-length of the mirror, t is the thickness of mirror, and E is the Young's modulus of the mirror material. The dynamic deformation is calculated using the experimentally found values for the mirror tilting about y-axis (resonance frequency 247.5 Hz, mechanical angle of 11.4 deg), and is found to be 1.4 μm. This value is 0.07% of the mirror length. To see if the value calculated for the dynamic deformation is reasonable, we can consider how the resonance of mirror and spring elements compare. The simulated values from COMSOL show the resonance frequency of the mirror to be 2258 Hz, and the resonance frequency of the spring to be 214.5 Hz. Experimentally, the total system resonance frequency was measured to be 247.5 Hz for the y-axis-tilt motion, which is close to spring resonance frequency. Therefore, it is reasonable to assume that there is low dynamic deformation of mirror since the mirror resonance is >9× higher than the measured system's resonance.
Raster scanning
By actuating one axis in a resonance mode and the other axis in a lower frequency, a raster scan pattern can be generated. Figure 12 shows a raster scan, which was made by enabling horizontal scanning (x-axis tilting) at its resonance frequency 292.7 Hz and vertical scanning (y-axis tilting) at 40 Hz.
Mode coupling
However, at some specific frequencies, a multiaxial motion can be seen. This indicates that some coupling is occurring between the different axial motions. To understand how this can occur, a modal analysis was done using Lagrange's equations. Lagrange's equations of motion Eq. (8) were used to formulate the differential equations that describe the dynamic response of the system: 32 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 3 2 6 ; 4 8 0
where L ¼ K − P, K is the kinetic energy, P is the potential energy, q i are the coordinates of the four corners shown in Fig. 1(b) , and q i dotted are the velocities of the four corners. The kinetic energy includes three motions of the mirror, two-tilting motions, and one translational given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 3 2 6 ; 3 7 9
where u z is the displacement of the center of the mirror in zaxis, θ x and θ y are the tilt angles about x and y axes. J x , J y , and m are the moments of inertia and mass of the suspending structure. The potential energy consists of the energy stored in the four springs while bending or torsion. The potential energy of the four points on the corners of the mirror due to bending is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 0 ; 3 2 6 ; 2 6 1
The potential energy due to the torsion as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 1 ; 3 2 6 ; 1 3 6
where u iz is the z-axis displacement of the corner number i shown in Fig. 1(b) , and k M x −θ x means the resistance of the spring to tilting about the x-axis when a moment of bending about the x-axis is applied to it. In the same way, k f z −θ y means the resistance of spring to tilting about the y-axis when a force in the z-axis is applied to it, and k T x −θ x is the torsional spring constant. This labeling is applied to all the k parameters. All the values of k and J xandy were obtained using a finite-element simulation in COMSOL software by applying a force or torque on the mirror and springs, and measuring the corresponding displacement or tilt angle. The values are shown in Table 2 . By substituting the kinetic and potential energies of Eqs. (9)- (11) in Eq. (8), writing the displacement of each corner (u iz ) as a function of displacement of the center (u z ) and taking derivations, the matrix form of Lagrange's equation was written as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 2 ; 6 3 ;
where R is the distance between the corners and the center. Therefore, the dynamic equations of motion can be written as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 3 ; 6 3 ; 4 9 1
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 4 ; 6 3 ; 4 1 6
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 5 ; 6 3 ; 3 4 4
These differential equations were solved using MATLAB. The resonance frequencies ω of the system were found to be 244.4 Hz for y-axis rotation, 287.6 Hz for x-axis rotation, and 174.3 Hz for z-axis translation, by solving eigenvalues of ½M −1 ½k matrix. The resonances of the y-and x-axes motion calculated from these equations are very close to the experimentally found resonances shown in Table 1 .
Equations (13)- (15) show that the motions in the threeaxial directions are coupled, meaning that motion in any one axis gives a contribution to the other axial motions. This contribution is not significant unless the input frequency is close to the resonance frequency of one of the other axial motions. In the case when the motion approaches the resonance frequency of another axial direction, the motion in the other axial direction becomes significant, and so the overall movement of the mirror would include more than one axial direction. For example, to illustrate the effect of resonance frequency of the y-axis on the resonant motion of the x-axis tilting, the x-axis was actuated with the resonance frequency of the y-axis. Figure 13(a) shows the light pattern when the mirror is resonating about x-axis at 292.7 Hz (its resonance). In Fig. 13(b) , the FEM simulation of the device displacement shape when tilting about x-axis at the resonance frequency of 292.7 Hz can be seen. The frequency was changed to 247.5 Hz (y-axis resonance) while still in the x-axis tilting motion, the light pattern was ∼40-deg tilted shown in Fig. 13(c) . This is expected, as now motion from both axes would be significantly present. Figure 13(d) shows the FEM simulation of the device displacement shape when tilting about x-axis at the frequency of 247.5 Hz. The motion of Fig. 13(d) consists of both components of tilting about x-and y-axes, although the mirror was actuated about x-axis.
To understand the patterns generated by the deflection shapes of the resonating mirror at the frequency modes that were discussed above, θ x ðtÞ, θ y ðtÞ, and u z ðtÞ can be solved when an excitation is applied to any one axis. Figure 14 plots the situation for an impulse applied to the system in the θ y direction at time zero (system was prior stable), which then creates excitations at all frequencies. After finding θ x ðtÞ and θ y ðtÞ functions, θ y versus θ x was plotted on Fig. 14 by sweeping the time with intervals of 0.1 for 180 s. The various traces on the figure represent the dominant displacement of the mirror for each time step. The plot shows two main modes of vertical (y-axis tilt, green-dashed line) and horizontal (x-axis tilt, red-dashed line) overall motions, as well as an elliptical mode (z-axis translation, purple dashed line). These three-dashed lines correspond to the main resonance modes of the mirror; green-dashed line corresponds to 244.4 Hz (y-axis), red-dashed line corresponds to 287.6 Hz (x-axis), and purple-dashed line corresponds to 174.3 Hz (z-axis). These modes were practically shown in Fig. 11 for y-and x-axes rotations.
Following the above discussions, in Fig. 14 there exists a harmonic of elliptical shape (purple-dashed line) that corresponds to the interference of z-axis translation. This resonance mode was experimentally observed at 165 Hz when driving θ y at this frequency as shown in Fig. 15 .
From the modal analysis of this section, the light pattern at resonance modes of y-and x-axes motions was explained and compared with the practical results. The effect of mode Table 2 Spring constants and moment of inertia values of the structure. coupling between different types of motion that results in an elliptical pattern of motion was also discussed. It could be concluded that if the mirror is supposed to scan horizontally or vertically, θ x or θ y should be actuated at their resonance frequencies, respectively. At these frequencies, the vertical or horizontal motions are dominant. If an elliptical pattern is required, θ y or θ x can be actuated at the resonance of the z-axis. 
Discussion
The design presented in this work features three main properties. First, a large tilt angle with respect to the input power is demonstrated. Second, three degrees of freedom in motion are shown, which includes two tilting motions and one linear displacement. Third, this mirror design has the ability to work in both static (by applying a DC current) and in dynamic modes (by applying AC current with different frequencies). The main factors enabling 3-DOFs large-tiltangle motion are the geometrical design and actuation force of the actuator, enabled by the four serpentine flexures along with the 45-deg angle of the magnetic field with respect to the mirror sides. A tilt angle of 22.8 deg about y-axis, 13.3 deg about x-axis was achieved while consuming 2.6 mW of root-mean-square (rms) power in 0.1 T of magnetic field. A linear vertical displacement of 232 μm was also achieved by applying 110 mA of DC. Table 3 shows some electromagnetically actuated largetilt-angle MEMS-mirrors published by other groups, and the work presented in this paper. The paper by Cho and Yoon 11 also provides 3-DOFs motion but requires greater power consumption. For example, a translational motion of AE42 μm was achieved by consuming 345 to 360 mW. The micromirror presented in this paper offers a translational motion of 232 μm with consuming 86.9 mW of power. The figure of merit defined as the ratio of optical tilt angle to the consumed power is shown in Table 3 , which shows high performance of this micromirror. The other listed works do not provide 3-DOFs motion. 33, 34 The graph of Fig. 16 compares the performance of micromirrors shown in Table 3 . The axes are plotted in the logarithmic scale. The values of power consumption and mirror size were inverted to show the lower power consumption and smaller mirror size farther from the center.
Conclusion
A MEMS mirror was developed, which has three degree-offreedom in motion. Lorentz force is used to actuate the structure. The micromirror is able to work in both static and dynamic modes. In a static mode, a light beam is directed to one point by applying DC current to its flexures, whereas in the dynamic mode the mirror scans an area by resonating at its resonance frequency or one of its harmonics. With a magnetic field of 0.1 T, the MEMS mirror showed a tilt angle of 22.8 deg at 247.5 Hz, 13.3 deg at 292.7 Hz while consuming 2.6 mW of power in tilt motions. A linear Table 3 .
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